Microtubule depolymerization dynamics in the spindle are regulated by kinesin-13, a nonprocessive kinesin motor protein that depolymerizes microtubules at the plus and minus ends. Here we show that a single kinesin-13 homolog regulates flagellar length dynamics, as well as other interphase and mitotic dynamics in Giardia intestinalis, a widespread parasitic diplomonad protist. Both green fluorescent protein-tagged kinesin-13 and EB1 (a plus-end tracking protein) localize to the plus ends of mitotic and interphase microtubules, including a novel localization to the eight flagellar tips, cytoplasmic anterior axonemes, and the median body. The ectopic expression of a kinesin-13 (S280N) rigor mutant construct caused significant elongation of the eight flagella with significant decreases in the median body volume and resulted in mitotic defects. Notably, drugs that disrupt normal interphase and mitotic microtubule dynamics also affected flagellar length in Giardia. Our study extends recent work on interphase and mitotic kinesin-13 functioning in metazoans to include a role in regulating flagellar length dynamics. We suggest that kinesin-13 universally regulates both mitotic and interphase microtubule dynamics in diverse microbial eukaryotes and propose that axonemal microtubules are subject to the same regulation of microtubule dynamics as other dynamic microtubule arrays. Finally, the present study represents the first use of a dominant-negative strategy to disrupt normal protein function in Giardia and provides important insights into giardial microtubule dynamics with relevance to the development of antigiardial compounds that target critical functions of kinesins in the giardial life cycle.
Giardia intestinalis is the most frequently identified protozoan cause of intestinal morbidity worldwide (59) and has a two-stage life cycle: a "trophozoite," or flagellate, form that attaches to the intestinal microvilli and a cyst form that can persist in the environment (1, 21) . As in other eukaryotes, the giardial microtubule cytoskeleton creates a stable scaffold for intracellular trafficking, for organelle attachment, and for cell polarization (21) . However, other important functions of the microtubule cytoskeleton are dynamic and rely upon both intrinsic dynamic instability-stochastic switches between microtubule growth and shrinkage phases (43)-and active regulation of microtubule assembly and/or disassembly. Microtubule dynamics, for example, are critical during cell division in Giardia where the two nuclei (30) undergo mitosis with extranuclear spindles that penetrate at polar nuclear openings (58) , followed by the duplication and repositioning of eight flagella into the daughter cells (75) . Beyond descriptions of cytoskeletal movements, we currently have little understanding of the molecular mechanism of active regulation of interphase and mitotic microtubule dynamics in Giardia.
One class of conserved regulators of microtubule dynamics that mediate interactions between microtubule plus ends and other organelles are the plus-end tracking proteins (ϩTIPs).
ϩTIPs include both microtubule-associated proteins such as EB1 and CLIP-170 (2) and kinesin motors such as kinesin-13 and kinesin-8 homologs (25, 77) . ϩTIPs track to the polymerizing ends of microtubules (44) and regulate microtubule dynamics in vivo (13) . Beyond interphase function, most ϩTIPs are also associated with kinetochores during mitosis (2), presumably to facilitate the search and capture of chromosomes by microtubules to ensure proper chromosome segregation. Microtubule ϩTIPs such as EB1 and several kinesin motors (kinesin-13 and kinesin-8) direct both mitotic and interphase microtubule dynamics in metazoans (25, 42, 44, 77) .
Microtubule depolymerization dynamics in the spindle are regulated by kinesin-13 (reviewed recently in reference 45), a nonprocessive motor protein with an internal motor domain. Kinesin-13 is targeted to microtubule plus ends by lattice diffusion (28) and forms rings around microtubules (71) , where it promotes depolymerization (10) . Members of the kinesin-13 family (such as MCAK [for mitotic centromere-associated kinesin]) have important roles in regulating microtubule dynamics in mitotic arrays, particularly in the establishment of proper kinetochore-microtubule attachments and mitotic progression (33, 42, 79) . Beyond mitotic functions, two Drosophila kinesin-13 homologs have been shown to promote microtubule depolymerization in interphase arrays (33, 42) . In Drosophila, a specific interaction between EB1 and kinesin-13 has been observed wherein the EB1 homolog recruits the kinesin-13 homolog, KLP10A, to interphase microtubule plus ends (42) . homologs are present in the sequenced genomes of many flagellated eukaryotes (7, 54, 80) , and yet are absent in some nonflagellated organisms, such as budding and fission yeast (80) .
Giardia has a sole kinesin-13 homolog, and our aim here was to understand its function in both interphase and mitosis using a kinesin-13 (S280N) rigor mutant that resulted in a dominantnegative phenotype. By adapting a methodology that has been used to create kinesin mutants in other organisms (23, 36) , we generated an inducible ectopic rigor kinesin-13 mutant, the first use of such an approach to generate cytoskeletal mutants in vivo in Giardia. We found that the rigor kinesin-13 mutant resulted in a dominant-negative phenotype that affected not only spindle microtubule dynamics but also flagellar length. Flagellar motility is critical for the completion of Giardia's life cycle in the mammalian host both during interphase and during late stages of cytokinesis. In particular, flagellar motility is required for Giardia to find suitable sites to attach and detach from the surfaces including the intestinal villi (12) . The recent report that kinesin-13 also regulates flagellar length in Leishmania suggests that active regulation of microtubule depolymerization at the flagellar tip by kinesin-13 may be a widespread and evolutionarily conserved mechanism important for flagellar-length determination in many organisms (7) . We also determined that kinesin-13 also has a novel function in regulating microtubule dynamics in the "median body," a unique giardial microtubule organelle of undetermined function. This study of kinesin-13 function in Giardia underscores the universality of kinesin-13-mediated regulation of microtubule dynamics in both interphase and mitotic cytoskeletal arrays, including both arrays unique to Giardia and common arrays (such as axonemes and spindles) found in most other eukaryotes.
MATERIALS AND METHODS
Strains and culture conditions. G. intestinalis trophozoites, strain WBC6 (ATCC 50803), were maintained at 37°C in modified TYI-S-33 medium with bovine bile (31) in either 13-ml screw-cap tubes (Fisher) or on coverslips in eight-well dishes (Fisher) placed in BioBags (Fisher) to maintain a low-oxygen environment. For the analysis of spindles, mitotic cells were enriched (10 to 20% on average) by growing 1 to 2 days past confluence and then adding fresh, warmed medium and collecting cells for analysis at 1-h intervals over a 3-to 7-h period.
Cloning and transformation of GFP-tagged EB1, kinesin-13, and kinesin-13 (S280N) rigor mutant strains. We modified pGFPa.pac (64) by ligating complementary oligonucleotides (MCSA [5Ј-AGCTTGGCGCGCCGATATCCGGAT-3Ј] and MCSB [5Ј-ACCGCGCGGCTATAGGCCTATCGA-3Ј]) into the HindIII restriction site for making green fluorescent protein (GFP) fusions. Both the kinesin-13 and the EB1 homologs were amplified from G. intestinalis strain WBC6 (ATCC 50803) genomic DNA using PCR (including ϳ80 bp upstream of the start codon to include the native promoter, and AscI/AgeI sites were for subcloning) with the oligonucleotide primer pair K13aF (5Ј-GGCGCGCCAAG ACACTGTCTCCTCTTACCAATTTACTC-3Ј and K13aR (5Ј-ACCGGTAGT TTCTTCCTGGCCTTATTGAGGTCTATGGAATGGCTG-3Ј) and the primer pair EB1F (5Ј-GGCGCGCCTGTGTCTTGCATGCGTGAGCTAAGTTGGG TAGAAACGTAAGT-3Ј) and EB1R (5Ј-ACCGGTGGATCCGGCAGTATCT GATGATACTCCGCATACAGAATATC-3Ј). To create a GFP-tagged, tetracycline-repressible kinesin-13 (S280N) rigor construct, a giardial episomal vector with a tetracycline-repressible promoter (70) was modified to replace the luciferase gene with an eGFP sequence by PCR amplification from the pGFPa.pac vector using the oligonucleotide primers: GFPTETF (5Ј-ACTAGTCCCTATC AGTGATAGAGAGGCGCGCCTAGGATCCACCGGTACCGGTCCTCAT GGTGAGCAAGGGCGAGGA-3Ј) and GFPTETR (5Ј-CTGCAGAGGATGG ACCAACGCCGTTGGAAGAAGGAAAACCACTAACCATTGAGGCCCA GGAA-3Ј). The eGFP amplicon was then ligated into a SpeI/PstI digest of the episomal vector (70) to create the tetracycline-inducible GFP fusion vector pTetGFPC.pac. By adapting a methodology that has been used to create kinesin mutants in other organisms (23, 36) , we generated an inducible ectopic kinesin-13 (S280N) rigor mutant in Giardia. To create the inducible kinesin-13 (S280N) rigor mutant construct, the kinesin-13 homolog was PCR amplified from Giardia genomic DNA (using TK13F [5Ј-GGCGCGCCATGTCTGACT  TGGTTTACCAGTGGCTCGAGTCAGC-3Ј] and TK13R [5Ј-ACCGGTAGTT  TCTTCCTGGCCTTATTGAGGTCTATGGAATGG-3Ј] ) and cloned downstream of the ran promoter and associated tetO elements in pTetGFPC.pac. The kinesin-13 ATP rigor mutation (S280N) construct was designed based on a multiple sequence alignment of kinesin-13 homologs from diverse eukaryotes and was constructed by site-directed mutagenesis (Stratagene QuikChange sitedirected mutagenesis kit) of the previous construct using the oligonucleotide primers (k13DNF [5Ј-GGACAAACTGGCTCGGGGAAAAATTTCACTATG ATG] and k13DNR [5Ј-CATCATAGTGAAATTTTTCCCCGAGCCAGTTTG TCC]); the point mutation was confirmed by DNA sequencing.
G. intestinalis strain. WBC6 was transformed by electroporation with roughly 50 g of plasmid DNA using a GenePulserXL (Bio-Rad) as previously described (16) , with the following modifications: 375 V, 1,000 F, and 25 ⍀. Episomes were maintained by antibiotic selection in transformants using 50 g of puromycin (Calbiochem)/ml (16) . Tet-mediated repression of the kinesin-13 (S280N) rigor mutant constructs was maintained with 10 g of doxycycline (Sigma)/ml prior to induction experiments.
QPCR analysis of kinesin-13 (S280N) overexpression. Total cellular RNA was isolated from 6-ml cultures from both uninduced and induced kinesin-13 (S280N) rigor mutant strains at 15 and 30 min, as well as 1, 8, 16, 24 , and 48 h after induction using a Cells-to-cDNA kit (Ambion). For quantitative analysis of expression 1-l aliquots of the cDNA synthesis were used in subsequent actin (actF [5Ј-CCTGAGGCCCCCGTGAATGTGGTGG-3Ј] and actR [5Ј-GCCTCT GCGGCTCCTCCGGAGG-3Ј])-and GFP (GFPF [5Ј-GAGCTGTTCACCGG GGTGGTGCCC-3Ј] and GFPR [5Ј-CGGGCATGGCGGACTTGAAGAAGT CGTGC-3Ј])-specific PCR amplifications in the DyNamo HS SYBR green pPCR master mix (Finnzymes). Quantitative PCR was performed with an Opticon 2 system (Bio-Rad). Control cDNA syntheses that lacked reverse transcriptase were also performed with original RNA extractions to demonstrate that RNA samples were not contaminated with DNA. GFP overexpression was compared by using the relative method of quantification (37) , and GFP expression levels were normalized to the actin gene. Overexpression was determined from comparisons of normalized GFP expression in induced time points to uninduced controls.
Immunofluorescence microscopy and image data analysis. For GFP fixation, trophozoites were incubated in HEPES-buffered saline for 20 min prior to fixation in 1% paraformaldehyde for 30 min at 37°C. For experiments with the kinesin-13 (S280N) rigor mutant strain, tetracycline (doxycycline) repression was removed for 48 h prior to immunostaining. After fixation, cells were centrifuged (1,500 ϫ g for 5 min), washed three times in 1ϫ PEM (100 mM PIPES, 1 mM EGTA, 0.1 mM MgSO 4 ), and attached to poly-L-lysine-coated coverslips (1 mg/ml). Cells were permeabilized in 0.1% Triton X-100 for 10 min, washed in PEM, and blocked for 30 min in PEMBALG (PEM plus 1% bovine serum albumin, 0.1% sodium azide, 100 mM lysine, and 0.5% cold water fish skin gelatin). To visualize microtubules, we incubated the coverslips at room temperature with TAT1, a monoclonal antibody to ␣-tubulin (81) (directly labeled with a Xenon fragment conjugated to an Alexa 555 fluorophore [Molecular Probes, Eugene, OR]) at a 1:75 dilution. Coverslips were washed three times in PEMBALG and PEM and mounted and counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) using ProLong AntiFade (Molecular Probes).
Images were collected with DeltaVision image acquisition software SoftWoRx (Applied Precision) by using an Olympus IX70 wide-field inverted fluorescence microscope with an Olympus UPlanApo 100X, NA 1.35, oil immersion objective lens and a Photometrics charge-coupled device CH350 camera cooled to Ϫ35°C (Roper Scientific). Serial sections were acquired at 0.2-m intervals and were deconvolved by using the SoftWoRx deconvolution software. For presentation purposes, two-dimensional projections were created from the three-dimensional data sets using SoftWorX. Flagellar length measurements (based on immunostaining of axonemes for Taxol and nocodazole experiments) were calculated from three-dimensional image stacks by using SoftWorX image analysis tools. Median body volume measurements were made using the Imaris (BitPlane) software package.
TEM of flagellar tips, scanning electron microscopy (SEM), and flagellar length measurements. To determine the ultrastructure of the distal flagellar tips, trophozoites were prepared for transmission electron microscopy (TEM) first attached to sapphire discs and then were high-pressure frozen as described previously but with a few adjustments (60) . Briefly, cells were allowed to attach to clean sapphire discs while being incubated at 37°C. Discs with attached cells were dipped into 20% bovine serum albumin in culture medium before they were placed into the specimen holder. Cells were frozen by using a Baltech high-pressure freezer and freeze substituted using a Leica freeze substitution apparatus. Discs with cells were embedded with Epon resin and VOL. 6, 2007 KINESIN-13 FUNCTION IN GIARDIA 2355 serial sectioned on a Ultracut E. Sections were stained with uranyl acetate in 70% methanol and lead citrate and viewed with a JEOL 1200 transmission electron microscope. For SEM, trophozoites were first allowed to attach to either to Aclar or track membrane filters and subsequently fixed for 1 h in 2% glutaraldehyde in cacodylate buffer. The cells were then postfixed with 2% OsO 4 , dehydrated in ethanol, critically pointed dried, and coated with the MED 020 Bal-Tec high-vacuum coating system using iridium. Images were taken by using a Hitachi S5000 FESEM at 10 Kv.
Nocodazole and Taxol treatments. To determine the sensitivity of cytoskeletal arrays to microtubule depolymerizing and microtubule stabilizing compounds, we treated trophozoites with either nocodazole or Taxol for several hours prior to immunostaining and measurements of axonemal lengths. Specifically, nocodazole (Sigma, St. Louis, MO) was added at a final concentration of 10 M to trophozoites, which were then incubated at 37°C for 5 h, prior immunostaining. Taxol (Paclitaxel; Sigma, St. Louis, MO) was added at a final concentration of 20 M to trophozoites for 1 h at 37°C.
Nucleotide sequence accession numbers. The sequences of the Giardia kinesin-13 and EB1 homologs have been deposited in the GenBank database with the accession numbers DQ395239 and DQ395240, respectively.
RESULTS
Microtubule stabilization and destabilization drugs highlight dynamic microtubule arrays. Giardia has several major interphase cytoskeletal arrays: the median body, the ventral disc, the funis, and eight axonemes that possess both cytoplasmic and membrane-bound regions ( Fig. 1a and b ; see also reference 21). Each of the eight axonemes has a canonical 9ϩ2 ultrastructure throughout the length of the flagellum, including the distinctive long cytoplasmic regions. The ultrastructure of the distal flagellar tips, however, has not been previously characterized. To determine whether there was any unique ultrastructure at the distal flagellar tip, we used TEM to image the caudal axonemes (Fig. 1c) . Giardia axonemes had the canonical flagellar ultrastructure of a motile flagellum, and each axoneme contained conserved structures such as the central pair apparatus. There was no obvious cap structure linking the central pair and outer doublet axonemal microtubules to the flagellar membrane, as has been reported in Chlamydomonas (19) . Finally, Giardia has two mitotic spindles that are responsible for chromosome segregation via canonical kinetochore microtubule attachments (17, 58) , despite prior claims that Giardia has a spindle-independent mode of karyokinesis (4, 69) .
We have previously shown that short (15-min to 1-h) incu- Table 1 ). The size and presence of the median body (mb) is also dramatically reduced after the addition of nocodazole. The diffuse staining of the cell body (due to unpolymerized tubulin subunits) and increased tubulin staining at the distal tips (due to accumulation of unpolymerized tubulin subunits) is increased in nocodazole-treated cells. (e) Additionally, both the median body (mb) and all eight axonemes increased in length significantly after Taxol stabilization of microtubules (see also (38) . Flagella in other flagellated protists are generally insensitive to microtubule stabilizing or destabilizing drugs (20, 72) . In Giardia, however, we found that trophozoites incubated in 10 M nocodazole for 5 h showed a significant decrease in external flagellar length of all eight flagella of ca. 20 to 40% (Fig. 1d and Table 1 ). We also observed a dramatic shortening of microtubules in the median body (Fig. 1d) . We have previously observed a dramatic effect of nocodazole on the dual mitotic spindles using the same experimental conditions (58) .
Conversely, we used the microtubule-stabilizing drug Taxol to determine whether microtubule stabilization would lengthen dynamic microtubule arrays (Fig. 1e ). After incubation with Taxol for less than one cell cycle, we found that all eight axonemes and the median body increased in length. Specifically, after the stabilization of interphase microtubules with 20 M Taxol for 1 h, the average length of axonemes increased by 30 to 60% (Fig. 1e and Table 1 ) and that of the median body increased by roughly 42%. Although the ventral disc microtubules are not stained very intensely by the tubulin antibody used in the present study, disc morphology was not noticeably distorted by either drug treatment.
Both ؉TIPs EB1 and kinesin-13 localize to dynamic microtubule structures, including the distal tips of axonemes. To investigate the possible regulators of microtubule dynamics in Giardia, we focused our efforts on ϩTIPs, including EB1 and kinesin-13. EB1 is an evolutionarily conserved ϩTIP that is hypothesized to have diverse and possibly overlapping cellular activities: mediating the delivery of proteins to the cell periphery, modulating microtubule dynamics, and/or participating in the search and capture function of microtubules. EB1 has been studied extensively in metazoans (5, 11, 73) , plants (41, 76) , fungi (74) , and Chlamydomonas (49, 65) , but a conserved function of EB1 in marking polymerizing microtubule plus ends has not been demonstrated in Giardia. The use of GFP-tagged proteins has facilitated the study of ϩTIPs such as EB1, CLIP-170, and kinesin-13 (63) . Therefore, we generated a C-terminal EB1:GFP fusion, using the sole giardial EB1 homolog (see Materials and Methods). We observed that in Giardia, the EB1:GFP fusion localized to the same arrays that are affected by compounds that disrupt microtubule dynamics, including the median body (Fig. 2) and the mitotic spindles (data not shown). EB1:GFP was particularly enriched at the distal tips of axonemes and axonemal exit points (or flagellar pores [21] ). However, EB1:GFP localization was absent from the ventral disc. Thus, the EB1:GFP fusion localized to the same arrays that are affected by compounds that disrupt microtubule dynamics (Fig. 1) , including the median body (Fig. 2) .
In a survey of GFP-tagged kinesins, we classified (see Fig. S1 in the supplemental material) and localized a giardial kinesin-13:GFP fusion to the distal tips of axonemes, to the cytoplasmic anterior axonemes, to the median body (Fig. 3a to c) , and to the mitotic spindles (Fig. 3d to f) . As seen with the GFPtagged EB1 (Fig. 2) , kinesin-13:GFP localized to the same cytoskeletal elements most affected by microtubule stabilizing and destabilizing drugs: the distal tips of axonemes, the median body, and kinetochores of the mitotic spindles ( Fig. 1d and e) . In addition, kinesin-13 is associated with the either the intracellular axonemes of the anterior or ventral flagella (22) . In nocodazole-treated kinesin-13:GFP cells, we found that flagellar length was reduced to an extent similar to that in wild type and that kinesin-13 localization was unaffected (see Fig. S3 and Table S1 in the supplemental material). Kinesin-13 also localizes to growing flagellar tips during mitotic telophase-particularly to the two axonemal pairs (the posterolateral [pfl] and ventral ([fl] pairs) that form de novo during giardial cell division (48) (Fig. 3g to i) .
In vivo induction of a kinesin-13 rigor mutant results in a dominant-negative phenotype in both interphase and mitosis.
To determine the role of the giardial kinesin-13 homolog in the regulation of microtubule disassembly in diverse microtubule arrays, we constructed a strain expressing a tetracycline-repressible GFP-tagged, rigor mutant kinesin-13 (S280N) (see Materials and Methods and Fig. 4 ). This particular point mutation is based on prior precedent of mutations in the kinesin ATPase domain, which permits binding of ATP but prevents its hydrolysis, and it has been used successfully in many other experimental systems to disrupt kinesin function (8, 10, 23, 32) . The GFP tag allowed us to identify and characterize the cytoskeletal phenotypes of ϳ1-fold overexpression of the rigor mutant (see Fig. S4 in the supplemental material) .
At 48 h after the removal of tetracycline repression, we observed dramatic changes in axonemal length, median body volume (Fig. 4d to f, Fig. 6d to f, and Table 2 ), and chromosome segregation defects compared to the same strain under repression (Fig. 4a to c and Fig. 6a to c) . After induction of the kinesin-13 rigor mutant, we quantified axoneme length by using either SEM or immunostaining of the microtubule cytoskeleton and found that caudal flagellar length from the exit point to the tip increased in a statistically significant manner (Ͼ270% or ϩ7 m) relative to flagellar length in uninduced controls (Fig. 4 and 5 and Table 2 ). Median bodies with significantly (ϳ42%) smaller volumes also resulted from the induction of the rigor kinesin-13 (S280N) mutant (Fig. 6d to f and Table 2 ) compared to the uninduced control (Fig. 6a to c) . In early mitosis in the induced rigor mutant, the median body increased dramatically in length ( Fig. 4g to i) and persisted throughout mitosis into cytokinesis, resulting in severe cytokinesis defects (Fig. 6g to i) .
During mitosis, kinesin-13:GFP and the rigor mutant kinesin-13:GFP (S280N) have a similar distribution and localize to FIG. 3. Kinesin-13 localizes to flagellar tips, the median body, and mitotic spindles. (a to c) The kinesin-13:GFP fusion localized primarily to the distal flagellar tips (indicated by arrowheads) and the median body (mb). Some GFP staining was also observed at cytoplasmic regions of axonemes (primarily the anterior axonemes [afl]), but not to flagellar pores. Kinesin-13:GFP also localizes to the plus ends of microtubules and kinetochores in anaphase spindles (see also Fig. S2 in the supplemental material). Flagellar growth is initiated during anaphase and completed during the early stages of cytokinesis. During flagellar duplication kinesin-13:GFP localizes to the growing flagellar tips (arrowheads) of the posterolateral (pfl) and ventral (vfl) axonemes and to kinetochores (g to i). The flagellar lengths of both kinesin-13:GFP and EB1:GFP are unaffected by the presence of the GFP tag, and the decrease in axoneme length in both strains after nocodazole-treatment is similar to that of untreated controls (see Fig. S3 and Table S1 in the supplemental material).
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DAWSON ET AL. EUKARYOT. CELL single spots on chromosomes (Fig. 4g to l) , a distribution identical to that previously reported for the centromeric histone cenH3 (17) . Further, we observed similar spindle defects, including lagging anaphase chromosomes ( Fig. 4g to l) , in mitotic cells of the rigor mutant kinesin-13 strain, as has been observed in diverse eukaryotes (79) . This result is consistent with the hypothesis that kinesin-13 is localized to the giardial kinetochore and plays a role in anaphase A chromosome-to-pole movements.
DISCUSSION
Giardia cytoskeletal biology has both clinical and nonclinical relevance in terms of parasitology, cell biology, and evolution a Median body volume (m 3 ) was measured as described in Materials and Methods for both induced and uninduced cells (using the same cells measured for axoneme length). The average total cell volumes, average median body volumes, and ratios of median body volume to normalized total cell volume are reported. We also report the standard deviations of the mean, followed by the total number of cells measured in parentheses. Median body volumes decrease by ca. 42% by 48 h postinduction of the kinesin-13 (S280N) episomal construct. Asterisks denote highly statistically significant median body volume differences (as determined by using a two-tailed Student t test with unequal variances). on November 2, 2017 by guest http://ec.asm.org/ (21) . The interphase microtubule cytoskeleton in Giardia (see Fig. 1a and b) consists of both unique structures (the median body and the ventral disc) and more conserved structures (eight axonemes and two mitotic spindles). In particular, the "ventral disc"-a spiral microtubule array-is critical to virulence by mediating the attachment of trophozoites to the intestinal microvilli (21) . The contribution of microtubule dynamics to the functioning of the these arrays (see Fig. 1 ) has not been previously established. In the present study, we have determined that the sole giardial kinesin-13 homolog regulates both interphase and mitotic microtubule disassembly dynamics in the eight distal flagellar tips, the median body, and the dual mitotic spindles.
Identification of dynamic microtubule arrays in Giardia.
To determine the pattern and extent of interphase microtubule dynamics in Giardia, we first used both microtubule stabilization and destabilization drugs-commonly used to demonstrate the dynamic properties of the mitotic spindle (29)-to affect the complex interphase microtubule arrays in Giardia (Fig. 1d and e) . While many microtubule arrays, including flagellar axonemes, were affected by drugs, there was no discernible effect on the ventral disc. Although it is difficult to visualize ventral disc microtubules due to accessibility problems, the faintly stained disc was not noticeably altered in morphology. Moreover, neither GFP-tagged EB1 nor kinesin-13 are found in the ventral disc, suggesting that this microtubule array may be more stable than the other drug-sensitive interphase arrays that contain these proteins.
Since axonemes in metazoans and Chlamydomonas are insensitive to microtubule destabilizing drugs, intrinsic microtubule dynamics may play a more important role in giardial axonemal length determination than in other flagellated protists. We propose that nocodazole affects the length of axonemes by sequestering tubulin subunits, thereby inhibiting intraflagellar transport (IFT)-mediated assembly of external axonemes. This shifts the dynamic equilibrium in favor of axonemal disassembly and results in shortened flagella (Fig. 1d) . In a similar way, nocodazole treatment disrupts the equilibrium microtubule dynamics in the median body, since the sequestration of tubulin subunits results in small median bodies (Fig. 1) .
In contrast, Taxol stabilization of microtubules shifted the dynamic equilibrium in favor of IFT-mediated axonemal assembly, resulting in the observed length increases (Table 1) . Previously, Mariante et al. (38) had reported severe cytoskeletal defects in Giardia after treatment with 10 M nocodazole for over 24 h (two to four cell cycles) but did not investigate effects on interphase microtubule dynamics at intervals shorter than 24 h. By using shorter incubation intervals with both Taxol and nocodazole that do not extend past one cell cycle, we observed a significant effect on the interphase microtubule dynamics of all eight axonemes, as well as the median body ( Fig. 1d and e and Table 1 ) in contrast to the findings of Mariante et al. (38) .
Ultrastructure at the distal tips of giardial flagella. The ultrastructure of the eukaryotic motile flagella is conserved among evolutionarily diverse eukaryotic microbes (47, 52, 66) , with few exceptions (53, 62) . G. intestinalis has a somewhat unique flagellar organization, however, in that all eight axonemes possess long cytoplasmic regions before exiting at the flagellar pores (reviewed recently in reference 21). Our TEM analyses clearly show that the ultrastructure of the axonemes retain the canonical 9ϩ2 arrangement of doublet microtubules but appear to be missing a flagellar tip complex. Since axonemes in metazoans and Chlamydomonas are comparatively less sensitive to microtubule stabilizing and destabilizing drugs, intrinsic microtubule dynamics may have a more pronounced contribution to flagellar-length determination in Giardia than in many other organisms. This could possibly be due to differences in the ultrastructure of the flagellar tips ( Fig. 1c and see  Fig. S5 in the supplemental material) , namely, the apparent absence of the flagellar tip complex. EB1, a ؉TIP, localizes to microtubule plus ends in the dynamic giardial microtubule arrays. The effect of both Taxol and nocodazole on interphase microtubule dynamics in Giardia, particularly on of the axonemes, suggested that microtubule dynamics are important in maintaining flagellar length. To determine whether any active regulators of microtubule dynamics are present in Giardia, we looked at the localization GFP-tagged EB1 and kinesin-13, both proteins known to localize to actively polymerizing microtubule plus ends.
The giardial EB1:GFP localization suggests that it has a conserved function in regulating microtubule assembly at microtubule plus ends, including the distal flagellar tips (49) . In interphase, the disruption of EB1 in both yeasts and vertebrates results in short microtubules (reviewed in reference 2). Thus, EB1 is thought to promote microtubule polymerization by either increasing the frequencies of rescue from catastrophic microtubule depolymerization or decreasing the rates of microtubule depolymerization (27, 35) .
In Chlamydomonas, EB1, as well as IFT proteins and microtubule motors, accumulates both at the flagellar tips and at the flagellar basal bodies (49, 78) . The basal body/transition zone region has thus been suggested as a docking site for the organization of IFT particles, based on such immunolocalization of kinesin-2 homologs and IFT proteins to basal bodies (18) and the disruption of basal body localization in either kinesin-2 mutants (15, 78) or KAP mutants (46) . Several mechanisms for EB1 function in Chlamydomonas have been suggested, including recruiting proteins to the distal flagellar tip, promoting dynamic instability, or mediating the transition from anterograde to retrograde IFT (50) . We observed EB1 localization to the flagellar pores, which suggests that IFT rafts do not dock at the basal bodies but rather at flagellar pores for transport along the membrane-bound portion of the axoneme. It is likely that EB1 could mediate the transition from anterograde to retrograde IFT in Giardia, since it localizes to both the flagellar exit point and the distal flagellar tips (Fig. 2) .
Kinesin-13 is an active regulator of flagellar-length dynamics. Growth and maintenance of flagellar length is dependent upon IFT to provide building blocks to the site of assembly, the distal flagellar tip (34) . IFT was initially discovered in Chlamydomonas (34) and has been well studied in experimental systems such as Chlamydomonas and Caenorhabditis elegans (reviewed in references 57and 61). Recent phylogenomic surveys indicate that IFT components are conserved across diverse parasitic protists, including Giardia (9) . In terms of flagellar growth and assembly, both IFT proteins and the heterotrimeric kinesin-2 complex are present and have conserved functions in the flagellar assembly of external regions of axonemes in FIG. 6 . Induction of the kinesin-13 (S280N) rigor mutant results in a dramatic elongation of the median body and cell division defects. Both uninduced and induced strains were immunostained with anti-alpha-tubulin to visualize the microtubule cytoskeleton after induction of the kinesin-13 (S280N) rigor mutant construct. In addition to effects on flagellar length and chromosome segregation (Fig. 4) , the induction of the kinesin-13 (S280N) rigor mutant also resulted in cell division defects, including incomplete cytokinesis and incorrect positioning of the median body (d to f). Note the accumulation of kinesin-13:GFP staining at the distal flagellar tips (arrow). Scale bars, 2 m. What are the relative contributions of inherent dynamic instability, IFT-mediated assembly, and kinesin-13-mediated microtubule disassembly to maintaining equilibrium axoneme length? The "balance point model" of flagellar length control postulates that axonemal length is maintained by equilibrium between length-dependent rates of assembly and length-independent rates of disassembly (39, 40) . Active microtubule depolymerization by kinesin-13 at the distal axonemal tip would act as a mechanism to promote microtubule disassembly and turnover of tubulin subunits. Our analysis of kinesin-13 function in giardial axoneme length suggests that hierarchical levels of flagellar-length regulation (see Fig. S5 in the supplemental material), involving intrinsic microtubule dynamics and active assembly (by IFT and possibly EB1) and microtubule disassembly (by kinesin-13). Thus, the kinesin-13 dominant-negative resulted in flagellar elongation by continued flagellar assembly with decreased microtubule disassembly. The observed axonemal disassembly after nocodazole treatment (Fig. 1d ) was due to limiting IFT-mediated assembly and active (kinesin-13-mediated) disassembly.
We propose that EB1 functions either to facilitate microtubule plus-end recognition by other ϩTIPs, such as kinesin-13 or, alternatively, aids in the localization of kinesin-13 to the microtubule plus ends at the distal flagellar tips (see Fig. S5 in the supplemental material). Kinesin-13, however, is able to translocate to microtubule plus or minus ends in the absence of EB1 in vitro (28) . Changes in flagellar length dynamics presumably do not affect the cellular distribution of either EB1 or kinesin-13. In nocodazole-treated giardial trophozoites, both EB1 and kinesin-13 remained localized to the flagellar tips (see Fig. S3 and Table S1 in the supplemental material).
Kinesin-13 regulates microtubule dynamics in the median body. The median body is a semiorganized microtubule array found only in G. intestinalis and close relatives (see Fig. 1a and b) (21) . Although proposed functions of the median body include either serving as a reservoir of microtubules or somehow functioning in cell division (51) , there has been no experimental analysis of its function. Because both kinesin-13:GFP and EB1:GFP localized to the median body, we suggest that it is a dynamic structure with actively regulated microtubule plus ends. Kinesin-13 could play a role in median body disassembly during mitosis to liberate stores of tubulin for spindle or flagellar assembly. At 48 h after the induction of the dominantnegative kinesin-13 (S280N) construct, we observed a 42% reduction in median body volume (Table 2 and Fig. 6 ). Thus, while flagella elongated by roughly 3-fold, median bodies decreased in volume by approximately two-fifths, a finding consistent with the notion that the median body acts as a reservoir of microtubules in the cell (and similar to nocodazole-treated cells [ Fig. 1d]) . Further investigation of median body dynamics in live cells is required to confirm this hypothesis, however. In addition, the expression of the kinesin-13 rigor construct resulted in cells with a distorted interphase cell shape (Fig. 5c) , suggesting that microtubule dynamics of the median body also influences giardial cell shape.
Kinesin-13 retains an evolutionarily conserved function in the regulation of spindle dynamics in the semi-open mitosis in Giardia. Giardia has a semi-open mitosis with two extranuclear spindles that access chromatin through polar openings in the nuclear membranes. In many eukaryotes, the metaphase mitotic spindle maintains a constant length, and ϩTIPs that modulate MT dynamics are the major governors of spindle length dynamics (2) . Previously, we have shown that mitotic spindle length and structure in Giardia is affected by both nocodazole and Taxol as in other eukaryotes (26, 67 ; S. C. Dawson et al., unpublished data). Here we demonstrate a conserved mitotic localization of kinesin-13 at kinetochores of the dual giardial spindles (Fig. 3d to i and see Fig. S3 in the supplemental material). Further, through the analysis of mitotic cells in the in the kinesin-13:GFP (S280N) strain ( Fig. 4g to l) , we found a high number of cells (Ͼ50%) with visible mitotic defects, including spindle defects and lagging anaphase chromosomes ( Fig. 4g to l) . This phenotype of the kinesin-13 dominantnegative mutant on the structure of mitotic spindles has been observed in many diverse eukaryotes (79) . However, this is the first demonstration of kinesin-13 function in mitosis in an organism with a semi-open mitosis (spindle poles external to the nuclear envelope (58) and kinetochore microtubules that penetrate the nuclei at polar openings (58) . We suggest that the role of kinesin-13 at kinetochores and in the maintenance of spindle length is analogous to that in metazoans (24) . This interpretation is supported by our preliminary observation that, as in metazoan spindles (73) , EB1 is also found at giardial kinetochores (data not shown).
What are the ancestral functions of kinesin-13? Studies of the giardial cytoskeleton provide a unique evolutionary and comparative perspective to cytoskeletal mechanisms in other well-studied experimental systems. Giardia has been proposed to be a member of the earliest branches in single or multigene eukaryotic phylogenies when an archaeal outgroup is included (6, 14, 68) . Although somewhat controversial in terms of its basal phylogenetic position, Giardia remains perhaps the most divergent eukaryote whose microtubule dynamics have been studied.
Giardia has fewer paralogs of cytoskeletal proteins (including kinesin-13) that have resulted from recent gene duplications, unlike metazoans (three kinesin-13 homologs) and trypanosomes (six kinesin-13 homologs) (see Fig. S1 in the supplemental material). Kinesin-13 homologs are present in multiple copies in phylogenetically diverse eukaryotes, and these multiple kinesin-13 homologs have been shown to cooperatively regulate interphase and mitotic microtubule dynamics (42) . However, one would imagine that the ancestral eukaryote cell possessed only a single kinesin-13 that had multiple functions, analogous to the single giardial kinesin-13.
Both flagellar ultrastructure and the structural and regulatory molecular components of flagellar axonemes and microtubule plus ends are conserved in Giardia. We propose that the role kinesin-13 plays in giardial cytoplasmic and mitotic microtubules and in flagellar length dynamics is, in fact, an ancient function and is therefore highly conserved in the evolution of the eukaryotic cell. Thus, the universal roles and regulation of kinesin-13 in giardial microtubule dynamics could extend to both novel and conserved microtubule-based structures (such as axonemes) in other more commonly studied eukaryotes.
